WO 2004/097860 



1 



PCT/CA2004/000397 



TRIMMING TEMPERATURE COEFFICIENTS OF EUECTRONlC 
COMPONENTS AND CIRCUITS 

CROSS-REFERENCE TO RELATED APPLICATIONS 

6 This application 'claims priority;, under 35USC§1 19(e) of US 

provisional patent application 60/455855 and Is related to POT patent 
application entitled "Bl-Dlrectiohal Thermal Trimming of Electrical 
Resistance- having agent docket number 1 4836-1 1PCT and PCT patent 
application entitled "Trlmmable Resistors Having improved- Noise 
10 Performance" having agent docket number 14736-12PCT, filed 
simultaneously herewith, the specifications of whioh are hereby 
incorporated by reference. 
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FIELD OF THE INVENTION 

The Invention relates to adjusting a temperature coefficient of an 
electronic circuit component, such as resistance (TCR). More specifically 
It relates to a method for trimming temperature coefficients Independently 
from a component or circuit parameter value for an electrical component 
made of a thermally mutable material. 

BACKGROUND OF THE INVENTION 

• The trimming (adjustment) of resistors' Is a widely used procedure 
in ^ manufacture of microelectronics and electronic components/and In 
common design of user circuits, especially wnere RrecJsion callbrat}on , 5 
desired. In principle, one trims the resistor until an observable focal or 
global circuit parameter reaches a desired value. Resistor trimming is 
widespread ,n bom manufacturing of a vane* of oompcngnl , ^ 
Instruments, and in the user community. 

erne.. Th ° " eSf8n ° f 3ny ^"-P^lslon analog eiectrlca, .circuit must 
tru? w7 ef l C ° n3,derati0n ° f variation. This is ^ 

true when the circuit Involves thermally mutable materials such as 
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polysHfcon. Beyond static spatial temperature gradients, 1 time vacation In 
temperature Is a universal phenomenon in' the use of electronic circuits 
'. and systems, occurring every time an electronic -system Is turned on 
(powered up), and occurring continually as the ambient environment 
o"- around the circuit .changes. Analog chip and system designers devote 
considerable effort to ensuring robustness' In the presence. of temperature 
changes. This ,fs because, in general, the ■ properties of all materials 
exhibit some changes with temperature. A primary example Is that pf 
temperature coefficient of resistance (ICR). 

10 In the calibration of a high precision circuit, it' is advantageous to 

. have finevadjustment control simultaneously over both circuit component 
parameter values (such as resistance) ana their temperature' coefficients 
(such as TCR). Fine adjustment of resistance, while TCR changes in a 
less-easily-measured manner, Is problematic, since the circuit Is liable to 

15 lose Its calibration any time the temperature varies from the temperature 
at which calibration was' executed. This non-ldeallty under conditions of 
. . external temperature fluctuation would become more and more severe for 
higher precision of adjustment. Indeed the problem of simultaneous 
control pf both resistance and TCR Is a great source of difficulty In the 

20 analog electronics industry. Because of this, the measurement and 
• control of TCR pf resistance elements is very important for. hfgh-preblsion ' 
circuits. This Is particularly Important when one considers circuits and 
systems which are adjustable to hlgh-preclsfon. The higher the precision 
of adjustment of an adjustable element (or of an overall circuit or system) 

25 the smaller the temperature, variation Which can significantly change the 
calibration of the circuit or system. 

For example, consider , two resistors having resistance values 
matched within lOppm. If the.relatlve TCR (RTCR) Is mismatched by as 
little as Ippm/K, then the resistance will' drift by eOppm over a 50-c 
range, overwhelming the fine adjustment of resistance. This situation is 
not optimal, since In the calibration of a high precision circuit, one needs 
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fine-adjustment control simultaneously over both resistance and TOR, in 
order to have the needed control over One's circuit. There' is clearly a 
need for rapid measurement end adjustment of TCR, to high precision, to 
accompany htgh-preclalon adjustment of resistance. 



SUMMARY OF THE INVENTION 

Accordingly, It is an object of the present Invention to 
Independently trim the resistance value and the TCR of a particular 
resistance element, botn being trimmed to high precision, 
10 " It Is also an object of the present Invention to design and 
manufacture a circuit with a resistance value and TCR of a particular 
resistance element that will be trimmed to a high precision. 

According to a first broad aspect of the present invention, there is 
provided a method for adjusting a parameter of a thermally mutable 
15 material and a temperature coefficient of change of the parameter, the 
method comprising: selecting a target parameter value; selecting a target 
temperature coefficient Independent from the target parameter value and 
within a range of temperature coefficient, values available for said target 
parameter value; trimming the parameter value until the parameter value 
Is within an acceptable margin from the target parameter value; and 
trimming the temperature coefficient until the temperature coefficient Is 
within an acceptable margin from the target temperature coefficient, while 
maintaining the parameter value wlthlh the acceptable margin from the 
target parameter value. 

Preferably, trimming the temperature coefficient comprises 
applying a sequence of heat pulses to the electrical component One 
heating cycle comprises a series of heat pulses that trim the parameter 
value away from the target parameter value and back to It within an 
acceptable margin. One heating cycle -Is used to trim the temperature 
coefficiently one increment. Many heating cycles may be used to trim 
the temperature coefficient to the target temperature coefficient 
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Also preferably, the electrical component Is a resistor on - a 
. thermally-Isolated' micro-platform. It should be understood that the 
resistor, or electrical component, cen be embedded In pr Into the micro- 
platform* * 
5 • According to a second breed aspect of the present Invention, there 
is provided e method for providing a circuit, the method comprising; 
designing the circuit Including at least one thermally-mutable component 
having a target parameter value and a target temperature coefficient of 
change of the parameter value Independent from the target parameter 
10 value; specifying physical parameters for the at least one component 
such that a trimmable range for the parameter Includes the' target 
parameter value, and a trimmable range for the temperature coefficient 
• Includes the target temperature coefficient of change: and manufacturing 
the circuit on a substrate- wherein 'the component has a nominal 
15 parameter vaiue within the trimmable range for the parameter and the 
.component has a nominal temperature coefficient of change within the 
trimmable range for the temperature coefficient. Preferably, the physical 
parameters comprise a position of the component In the circuit and 
dimensions of the component 

While ft fs typical to trim a single component, It can be understood 
that the method of the present Invention covers also the trimming of one 
or multiple components within' a circuit .such that the circuit reaches a 
target value or a desired state. For example, a pair of resistors may be 
trimmed to a target a relative TCR value of zero. While the target value of 
each resistor individually cannot be Identified at a specific value at the 
twne of design, it Is known that the balanced state will fall within a given 
range for the parameter and-the TCR of the pair of resistors. Therefore 
the terms "target parameter value" and "target temperature coefficient Jf 
change of the parameter value" should be understood as being for a 
single component, or for one or multiple components within a larger circuit 
having an overall target value. 
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According to a third broad aspect of the Invention, there Is provided 
a circuit for adjusting a parameter of an electrical component made from 
a thermally mutable material and a temperature coefficient of change of 
said parameter, the circuit comprising: a thermally Isolated micro-platform 
0 on a substrate for the electrical component; heating circuitry having a 
decision-making module for applying a sequence of heat pulses; 
, mea-euring cfrcultry for measuring the parameter and the temperature 
coefficient of the electrical component 

Preferably, the' decision making module is for determining an 
1 0 amplitude, of a heat pulse, a duration of the heat pulse,- and e time Interval 
before a succeeding heat pulse. The .heating circuitry generates a heating 
• cycle for trimming the temperature coefficient and the heating cycle 
comprises a sequence of pulses to trim the parameter in a first direction 
and a sequence of pulses to trim the parameter In an opposite direction. 
15 The decision-making module determines an amplitude of a first pulse of 
the sequence of pulses to determine a direction and an amount of trim of 
the temperature coefficient.' 

It should be understood that the heating circuitry, the decision- 
making module, and the measuring circuitry can be on or off the chip 
20 which houses the electrical component. For example, the decision- 
, making module can be a computer, microprocessor, a 'logic state 
machine, automated electrical test equipment such as typically found In 
high volume Integrated circuit production, or any other device that can 
adequately determine the parameters of & succeeding pulee in 
25 accordance with the present invention. 

According to a fourth broad aspect of the present invention, there 
Is provided a method for trimming's temperature coefficient of change of 
a parameter of. an electrical component while maintaining a substantially 
constant parameter value, the method comprising, applying a heating 
30 . cycle to trim the parameter value away from a target parameter value and 
. back to the target parameter value, whereby the temperature coefficient 
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of change Is modified after applying the heating cycle. 

According to a fifth broad aspect of the present invention, there is • 
provided a circuit composing at least one electrical component made of a 
thermally mutable material defined by an upper limit and a lower limit of a 
5 . parameter, and haying a temperature coefficient of change of said 
parameter characterized in that said parameter Is set to a predetermined 
target parameter value and said temperature coefficient of change is SBt ' 
to a predetermined target temperature coefficient of change value 
independent of said target parameter value. 

Preferably, the electrical component is a resistor made pf 
polysiiicon, the parameter Is- resistance, and the temperature coefficient 
of change is temperature coefficient of resistance. 

In this patent application, the" term "thermally-mutable material" is 
intended to mean a material that behaves like a pofycrystainne 
semiconductor material having electrical and/or other material properties 
that cen be reversibly changed within a certain range by restructuring of 
the "grams" -making up -the material and/or grain boundaries, and/or 
spatial distribution of dopants within the grains, end/or grain boundaries, 
Once a change to the property.ls effected, It remains essentially stable for 
the purposes of subsequent operation. Such restructuring can be 
achieved by thermal cycling and/or by physical stimulation such as 
application of pressure, etc. in the present state of the art, polycrystalilne 
BKcon (poiysillcon, and polyene eillcon-germsnium are LZ^oZ 

"^T ^ mater,6,a ' Wh,,e m& * resistors from 

poiysillcon Is the most common- application, it Is known to make a 

resonator from poiysillcon. In which the resonant frequency of the 

•resonator Is trimmable due to changes in Its mechanics properties. • 

BRIEF DESCRIPTION OP THE DRAWINGS 

' These and other features, aspects and advantages of the present 
-nventlon w„, bscome better understood with regard 9 to 
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description and 'accompanying drawings wherein: 

FIG, 1; Schematically describes the dependence of TCR on 
thermal trimming of resistance according to the prior art; 

•FIG. 2: Shows 'electronic circuitry with two- trimmed, pofystlicon 
S. 'resistors and adjustable relative TCR; 

PIG. 3 fa a graph showing a change In RTCR that accompanies a 
trimming and recavery cycle of a resi$tance; 

FJG, 4; Shows schematically an example of the effect of heating 
. puis© amplitude on an example of a microstructure, In the context of a 
. 10 TCR-change cycle; and 

FIG. 5: Shows a flowchart of the TCR adjustment algorithm. 
FIG. 6: Shows a schematic block diagram of the circuitry for bi- 
directional TCR adjustment. ' 

FIG, 7: shows three. pxamples of layouts Intended to dissipate 
15 more power at the edges of the heat-targeted region; 

FfG, B: shows the electrical schematic of two functional resistors, 
and two heating resistors electrically Isolated from the functional resistor©; 

FIG, .9: fs a top .view schematic of a possible configuration of the. 
micro-platform with four resistors, suspended over a cavity; 
20 FIG. 10: Is a cross-sectional view of the structure shown in Fig. 9; 

FIG. 11: Shows generally the trimming behavior vs. pulse 
amplitude. 

FIG. 12: Shows a quantitative example of the direction of trimming 
vs. pulse amplitude - ; , 
2B FIG. 13: Shows resistance recovery at a constant recovery voltage 

of 3.6V (near optimal, according to the prior art. about 85% of the last 
"down" pulse): 

F1G. 14; Shows- resistance recovery of the same resistor as in FIG. 
13, at constant recovery voltages of 3.44V, 3,6V, 3,77V, 3.93V, 
30 ' demonstrating that. 3.6V Is near optimal, in accord with the prior art; 
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FIG. 15: Shows the result of pufse.series-1 , an example of the 
invented decreasing sequence' of recovery pulses, with acceleration of 
recovery at each decrement of pulse amplitude; 

.. FIG. 16: Shows the. result of pulse-serles-2, another example of 
6 the Invented decreasing sequence of recovery .pulses; . 

FIG. 17;. Compares the spee'd and range of recovery of the 
sequences using adaptive decrements, with the speed and range of 
recovery of the sequence analogous to the prior art; 

FIG. 18: Compares recoveries achieved from four 20-second 
10 recovery pulse sequences, each beginning at different pulse amplitudes, 
and ending at approximately the same pulse- amplitude; and 

FIG. 19: Shows graphs of experimental data regarding several 
TCR-change cycles,- trimming the RTCR of two resistors to very high 
precision. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

While the prior art demonstrates that the TCR changes when one 
trims the resistance, It does 1 not show how to' trim the TCR while 
maintaining a constant resistance value. 

This approach, to trim the TCR of thermaiiy-mutable materials such 
as polysiiiccn Is based on certain experimentally observed phenomena, 
involving a hysteresis-like phenomenon, outlined below. 

It should be noted that for the purpose of this disclosure, trimming 
Is to .be understood as Increasing or decreasing the room-temperature 
25 va ue of an electrical component such as a resistor. It should also be 
noted that thermel.y-lsolated is meant to describe an element that Is 
solated from other elements such that the heat flux (proportfona, to 
temperature differential) generated , between ' the element and other 
elements, is generally low. Electrically-isolated is meant to describe an 
30 element that Is isolated from other elements such that the resistance 
between this element and other elements Is *ery high (e.g. hundreds of k . 
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• ohms). The term signal' Is meant to describe any data or control signal, 
whether It be an electric current, a light pulse, or any equivalent. A 
heating cycle should be understood as a sequence of pulses used to trim 
a parameter in a first direction and a sequence of pulses to trim the . 
5 parameter In an opposite direction, I.e. away from a. starting point and 
back towards the starting point. There are at least two pulses in a heating 
cycle, each pulse being of the same or different amplitude, and each 
pulse being of the same or different duration-. 

A polyslHeon resistor trimmed from its as-fabricated resistance 
10 value Rink, down to a certain resistance, Rtar fl «, Is known to experience a 
shift In TCR (known from US patents .#5306718, US2O020063O2). This 
effect Ib diagrammed In Fig. 1. 

After such trimming, the resistor can be trimmed further "down", 
and then "•recovered" back to R< arae j; or it can be '•recovered" up to a 
15 certain intermediate resistance value higher than Ri^t, and then trimmed 
back "down" to Rb« at . In each - case departing from' R WftJatf and 
subsequently returning to the same' R^t- Let us call such a cycle a 
TCR-change cycle*, or a heating cycle. The effect of such a cycle Is to 
adjust the JdR bf the resistance by a small amount (such as less than 
20 100ppm/K), above or below one of the typical curves In Fig. 1. In other 
words, ..one can maintain the resistance value constant while 
Independently changing the TCR m a small range around the TCR value 
that would normally correspond to a particular resistance value on a curve 
such as shown In Fig. 1. 
25 The thermal cycling associated with the adjustment of resistance 

• (either up or down) requires a series of heating putees having sensitively 
different amplitudes. The tendency Is that higher heating pulses result In 
trimming down, Pulses with lower amplitude result in resistance recovery 
or trimming down, depending on the recent thermal history. 

It was experimentally found that a TCR-change cycle containing 
first at least one heating pulse having rather, high amplitude (to cause 
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trimming down) and theri a plurallty'of recovery pulses having lower, (not 
necessarily constant) amplitude, results In a decrease of TCR. Fastest 
recovery Is obtained by applying a sequence of pulses where each pulse ' 
is equal to or lower than the previous. If the next analogous f ORrchange 
5 cycle contains another "first" heating, pulse having higher amplitude than 
the previous one, the TCR will again decrease. 

It was also experimentally found that, if, within a TCR-change 
cycie. the "first" heating pulse or pulses (which may give . either a 
moderate decrease or increase in resistance),, has amplitude substantially 
10 ■ lower than the amplitude of the "first" pulse(s) in a recent TOR-change 
cycle which decreased TCR. then the TCR can be Increased instead of 
decreased {Note that the determination of whether TCR was Increased or 
decreased must be done after the resiatance is restored to R tifgai }. 

Pulses slightly above (close to) the threshold for resistance 
15 trimming can increase the resistance value very slightly and gradually 
with only negligible changes in TCR. 

Decreasing the TCR Is found to be much' less controllable than 
increasing the TCR, since Increasing TCR requires a "first" pulse In the 
cycle having high pulse amplitude, it is also experimentally found that 
said TCR-change cycles having "first" heating pulses having low or 
moderate amplitudes result In gentle and gradual rise of TCR while, 
reduction of TCR happens abruptly. 

If It Is desired to decrease TCR, one needs to firet apply high- 
amplitude heating pulses, and then gentle resistance recovery pulses. If 
after the first TCR-change cycle, it is not decreased as needed, in the 
next cycle, the "first" high-amplitude pulse, or pulses need to be at the 
• same, or higher amplitude as the "first" pu.se or pulses of the previous 
decrease cycle. This is done until the TCR Is below TCR ta ^, After that, 
one can apply much gentler TCR-change cycles (Including lower 
amplitude first pulses) to gradually Increase the TCR to Us target ' ' 
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There may be e -firsf-puts© amplitude threshold for TCR decrease 
vs. Increase, but this threshold varies with thermal history and position In 
the available trlmmable range. 

The phenomena of f CR trimming are most effectively described fn 
terms of pulse" amplitudes Which .cause resistance changes, as opposed 
to in terms of the resistance changes themselves. In other words, the 
effect on TOR of a pulse Is most rejated to Its amplitude, as opposed to 
the resistance change which It causes. 

The circuit shown in Fig, 2 provides a suitable embodiment with* 
which to explain the principles of the present invention. It contains two 
electricaiiy-trimmable poiyelHcon resistors R x1 and R„a. Each of these 
realtors Is placed on separate tharmally-lsolated microstores 
together with auxiliary heaters R h , and R w . The functional resistors are" 
connected in a Wheatsfone bridge with two metal resistors R, and R a 
and powered by a constant voltage of 2.SV, The differentia, voltage at the 
two midpoints of the bridge," designated u Br1 and Ub* in Fig. 2 ?s 
amplified by Indentation amplifier A and processed by external data 
aogu.s.tion board , (not shown). The structure aiso contains poiysHicon 

I*?"* ° n 9 SeparBte therma,ly ^W.mlcrostructure 
be^een resistors R. and R x2 such that its heating caused by applied 
voltage U fta , t results In symmetric (equal) temperature rise ,n the 
functional resistors R,, and r i» «_ L 

.store r*, and R^. j n ca 9e the temperature of the chip 

T a JL r 96 ^^' ' PO ' y5f,,COn reS,Stor * havi "9 ^bstantlaf TCR 
(e g. TCR - goOppm/K) may be placed nearby on the chip (not on the 
^^restructure). ,t may be connected in series with another eg metal) 
resistor R 3 , the divider being powered by ,2.oV. The voltage ^LTZ 
be processed to calculate the chip. temperature. * 

Electro-Therm ^ Trimmlno of 
• Electro-thermal trimming of resistance can be used to individuals 
trim a slngie resistor- in a simple voltage divider circuit (such JZXt 
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tfig. 8), or such as R*i or R>a, In simple voltage divider sub r c[rouits within 
the bridge depicted in Fig. 2, or to trim oris or both of the resistors R*,, R^ 
with the purpose of balancing the bridge in Pig. 2. For example, electro- 
thermal. trimming allows to reduce resistance value of polyslltcon resistor 
(or made from other polycrystalllne material such as Sl-Ge) from its «as- 
manufacturad" value R lnl to a certain value Rmtn-(0.3..0.5)*R mi . it is known 
that after trimming "down", increase of resistance ("recovery") Is also 
possible, to an approximate value R msK , which is typically less than Rw. 
Trimming of the resistance R actyel can be repeated many times between 
Rmex and RnHf..(Rmjn<R,,ct ua »<R meu ,): Usually recovery' is initiated by heating 
pulses lower than previously applied heating pulses which caused 
trimming "down." The same heating pulse may have different effects of 
trimming "up" .or "down" depending on amplitude and effect of previously 
applied heating pulses. Therefore the result of an applied trimming pulse 
.s sensitive to thermal "pre-hfetory". The lower limiting value, R^, is due 
to the tact that Its further reduction requires higher heating pulses that 
may cause catastrophic damage to the resistor. Increase- of the 
resistance higher than on the pther hand, requires much longer 
trimming time, even hours (Babcoek et el (j. Babcock. p. Francis R ' 
.Bashlr. A. Kablr, D. Shroder. M. Ue, T, Dhayagude, W. Ylndeepol, S 
Prasad, A. Kalnlrskly, M. Thomas, H. Heggag, K . Egan, A, Bergemont. P. 
Jansen. Precision Electrical Trimming of very Low TCR Poly-SKSe 

Canadian Microelectronic porporation Report #lC95-0a Sept 1995) For 
very long trimming time, R mex can be raised higher than R w (Canadian 
Microelectronic Corporation Report #.096-08 Sept 1995, and O.Grudiri 
R.Mar,nescu. LM.Landsberger, D.Cheeke, M.Kabrlzi. "CMOS Compatible 
H.gh-Tempereture Micro-Heater. Microstore Release and Testing- 
Canadian Journal of Elec. And Comp. Engineering, 2000, Vol. 25.' No 1 

oos of tr,mm ' n9 PrOC °^ * ~ 

possible ,n the range R m in'«RaeiuBt<Rinax < Rrni. 
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An adaptive algorithm for trimming a parameter value, such as a 
resistance, , involves applying a sequence of pulses, interleaved with 
measurements of resistance, by which each pulse can'leam from the 
previous sequence of pulses. The important principles of .the adaptation 
• may' be. peculiar, to thermally-mutable materials such as polyslllcon and 
polycrystalline SiGe. 

The basic principles are: 

in order to attain recovery which is fast over a wide resistance 
range/ the- pulse amplitudes are adaptlvelydecreased, from one set of 
pulses to the next, in order to maintain a hi 9 h rate of recovery, This 
adaptive decrease can be done until th e threshold for resistance 
adjustment is reached, 

In order to maximize the recovery range and speed to attain the 
greatest recovery range, the. sequence of recovery p U | ses begins with a 
. high-amplitude pulse, whose initial effect may be in some cases a 5arge 
tnm down", and whose consequence Is to allow more steps of decrease 
.n pulse amplitude as described In (a) above. This allows recovery to 
higher resistance values. Note that the first high-amplitude pulse may be 
even higher than the last "down" pulse. . ■ ' 

In order to maximize recovery speed for a given recovery range 
the amplitude of the first high-amplitude pulse, in.. <b) above. Ts To be 
lTed.T rOPriate,y ' ^ ^ reC ° Ve * — * -aerate ang ? an 

XST" * of the * rst pu,se ln a recovery s ™ i 

In order to maximize the speed of recovery over an intermediate 
recovery range, the pu.se amplitudes are decreased as soon as 2 
recovery speeo drops below a certain fraction of the initial speed at^a 
g|ven puIsb amplitude. . 

In order to attain very precise recovery, pulses having amplitude 
just above the threshold for resistance change can be used T I, 
veryiow.r.ooveryrate. a.scn order to obtain IZZZ^"*' 
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In order to accelerate trimming "down", especially when the desired 
magnitude of adjustment ("distance") l a . a significant fraction of the 
res,stance value, the pulse amplitude )s adaptive* Increased, depending 
. • on the decrement «n resistance obtained by the prsylous pulse, and on 
5- the remaining "distance" to the target resistance. 

Also m order to accelerate trimming "down-, when high precision 
s net required, or when the remaining "distance" to the target Is large, the 
time interval betwe e n pulses, during which the resistance ta measured 

10 needed for a hlgh-preclslon. accurate measurement), ■ • 

In order to attain hlgh-preclslon trimming, if the target resistance 
**m is passed (during recovery), several cycles (trim down - recovery 
up) can be performed, where the pulse' parameters from the previous 
cycle are "Inherited" by the next t>u\** an . previous 
in KrvsK v..., «'e next pulse and processed such that th© 

16 probab.Hty of passing the target is lower In the next cycle 

Fig 11 describes qualitatively the trimming behavior as a function 
of pulse ampntude above the threshold for resistance change Z 

indeed, el) of the resistors Featured in the so ^i«, - 
examples herein were made from colvsMnL ? 
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and the micro-platforms had lateral dimensions of several tens to 
hundreds of microns, separated from each other by 10-30 microns. The 
thermal Isolation was on the order of 3Q-50K/mW.' 

Fig. 1 2 gives a quantitative example of the trimming behavior for a 
5 particular resistor, having as manufactured value". 7200 Ohms, trimmed 
down to about 5600. Ohms, and having been trimmed bl-dlrectlonally 
several tens of times In the range of 6200 Ohms to 6500 Ohms, which 
had recently been subjected to a recent sequence of -down" pulses, 

10 influenced by the amplitude of the last "down" pu.se, (even If there are 
severe! other recovery pulses In between). There Is a rough threshold 
above which short exposure at a given amplitude, or a sequence of 
pulses having increasing amplitude, causes decrease In the' resistance 

15 **. h *' ^ b the of Polyslllcon is 

15 that If one continues to incase the amplitude of the applied plel 

achieve trimming down-. Also, If after trimming "down", one applies a 
sequence of pulses havlng decreasing amplitude, than eventually 
after one or two such decreasing pulsss), one will achieve Vecoven) 
20 However, the behavior of the resistance as a function of exposu" afa 
constant amp,,tude ,s not straightforward. Trimming "down" 1 be 
ach e Ved for short enough accumulated * ^ ^ 

that constant amplitude, the resistance will eventually rise a h 

may resull |„ rttner lnorease or d6erea8e ZuJJTZ, !T P 
amplitude and affect of pravloua outea. C T' ! ^ 90r,<h8 

P a ranietara o, „. h6attng pulEas ^ ewenl(al ,;2p end e :n 
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combination of conditions such as the difference between the as- 
manufactured resistance Hum and the target resistance R tBrBSI , and the 
sign and magnitude of the difference between the' present resistance 
1 Rmtuei and the target resistance R^t, the positioning of R ae mai and Rtargtf 

5 with respect to Hintt, end history of thermal cycles (which may not be 
known). Therefore a trimming algorithm with an adaptive character fs 
preferable, where the, heating pulse parameters (amplitude, pulse width 
and Interval between pulses) ere decided or adjusted based on analysis 
of previous heating pulses, resulting resistance changes, trimming rate,. 

1 0 "distance" to target and required precision of next trimming shot. 

Adaptive Decrease of Recovery Pulse Amplitude; improvement of 
the recovery stage Is based on the following experimentally-discovered 
phenomena. A polysflieoh (having sheet resistance of 40 Ohms / square) 
resistor, called the "functional" resistor, with as-manufactured resistance 

15 Of 7200 Ohms is located on a suspended mlcrostructure. An auxiliary 
"heater 0 resistor with resistance of 960 Ohms Is placed on the same 
mlcrostructure close to the .functional resistor, and serves to heat the 
mfcro-etructure and trim the functional resistor. The functional resistor is 
connected jn series with a constant metal resistor having resistance 

20 • 21.8KOhme, in a.voltags divider configuration, A constant voltage of 2.5V 
is applied to this voltage divider, and the voltage drop across the 
functional resistor is measured usfng'an automated (computer-controlled) 
data acquisition board (Including an 6-channel i2-blt ADC and 4-channel 
12-bit DAC), Then the resistance of functional resistor Is caiculafed. Self- 

25 heating of the functional' resistor caused by the measurement current 
(<100pA). does not exceed 1.5°C. The data acquisition board is used 
also to apply voltage pulses to the heater (electrically Isolated from 
functional resistor). The temperature rise In the described structure can 
exceed 600-700 fl C, causing a brightly glowing orange color, visible by 

30 microscope, . 

The functional resistor is trimmed down, using pulses from the 
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DAC, to S500 Ohms. Then the recovery stage Is begun. Flg.13 shows the 
resistance recovery of the functional poiysllJcon resistor when a constant 
voltage of 3,6V is applied to the heater. The accompanying high 
temperature results In Instantaneous resistance rise up to approximately 
5 10000 Ohms,, shown at the bottom of the figure. Periodically, every 

for an interval of 30rns, fn order 
to allow, the .structure to cool down. The eo-trlmmed resistance of the 
functional resistor, « Wm , fa tnen meaeW3d at foom temperature> ^ 
end of the 30ms Interval. Fig. * shows the application of 30 pulses, each 

10 having. amplitude 3.6V.. the entire . sequence taking approximately 4 
seconds. At the end of this Sequence, the resistance Is seen to have 
Increased by 500 Ohms, up to 6000 Ohms. 
. Two examples are shown In Figs. 16 and 16, where sequences of 

pulses. having voltages 3.93V. 3.77V, and 3.60V (Rg. 15) , aod 3 . 93V 

15 3.77V. 3.60V. 3.44V. and 3.28V (Flg.16). were used. Significantly greater 
recoveries of 640 Ohms and 700 Ohms were naachJ Into™ l 
second time period. 

. The above -daaorlbad earner*, aummartead for comparator, In 

ft* 17. democrats two- adyamagaa t6 tha adaptive dacraaaipg of 

rr:rr * mp>Hu ** * a ^ ™*> « * 

«ZtT r bS «~ ^ *a U a,„ g the aaapt ,„ s pu(5e 

as second, re cov«v pulS a aac Ueno6 a. Four 20-aecond raoova* pL 
and en<1 ,„ 9 at a p proxlmatBlytho samB pu|sB ^ P * 

tha room^mparatura reaistanos.- For vlsoa| -J 
•30 .ota^ona are „« 8hwn ,„ tne ^ ' 
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20s*0.7*14s (70ms heating and 30ms cooling). In practice; the' 
adjustment algorithm could reduce these ' interruptions to. enhance 
efficiency.) . 

High-Precision Recovery: For. the purposes of effective, accurate 
and precise trimming, It is not only Important to recover, quickly - ft is 
often important to recover Intentionally very slowly. Otherwise 
approaching target resistance with accuracy of better than 100ppm 
(0.01%) becomes problematic. Two techniques are presented, which can 
be used separately or in combination: 

Use shorter recovery pulses, at a given recovery pulse amplitude: 
Use lower recovery pulse amplitudes, Just above the threshold for 
resistance change. Heating pulses , with much lower amplitudes than 

• mentioned in the examples above, can be used. Fig. 10 shows resistance 
recovery when heating pulses of 2.02V. 2.79V and 2,96V are applied 
(with otherwise the same experimental conditions as described above). 
The noise in resistance measurements Is caused By the limited resolution 
.of.the 12-bit ADO, and limits the accurate recording of fine changes In' 
resistance obtained at 2.62V . (and at lower voltages). An important 
experimental result- is that the Inorease in heating pulse amplitude" 
compared to the previous pulse gives an Increase, of the resistance (not a 
decrease as found by several authors in the pnor art, who reported using 
heating pulses with Increasing amplitude to trim resistance downward) ■ 
The average resistance Increases obtained at 2.62V were in the range of 
a few 1 ooppm per pulse. 

Usage of such low recovery rate, combined with short heating 

• Pulses, is useful and convenient because short heating p U , S ea with easily- 
controlled duration of 5.30ms, can give resistance increments as low as a 
few ppm or less. 

• Adaptive Regulation of Pulse Width end interval Between Heating 
Pulses: in general, the requirements for high precision, say 0.01% or 
lower deviation from the target resistance, can be reached when the 
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recover/ rat© is properly controlled. It is preferable to have high recovery 
rate when the "distance" from the target Is substantial, On the other hand,, 
recovery rate reduction is important In dose vicinity to the target. 
Regulation of pulse width Is .an Important tool to .control the magnitude of 
resistance increment due to- a recovery pulse, and improve trimming 
accuracy with reduction of total trimming time. 

• In general, the above trimming operations, including Figs. 1 3 to 18, 
are outlined to show elementary examples of how certain trimming pulses 
parameters may be varied in order to obtain a desired result. The 
parameter adjusted may be a simple resistance, or a component within a 
larger system. The Wheatstone bridge circuit with amplifier depicted in 
Fig. 2 is such an example of a larger system, where the goal is to tune the 
amplified output by trimming the resistors R* and R*. in order to balance 
the bridge. 

Measuring TCR or BTQP 

The measurement of, temperature coefficients of circuit, elements 
positioned on. an Integrated circuit involves heating a email volume or 
area of the Integrated circuit, and measuring the generally-temperature- 
sensitive parameter of a circuit component while the component Is at an 
elevated temps rature. 

Zero-crossing Determination .or Uncalled Measurement of 
Absolute Temperature Coefficient of a si ngle Component:' Thus a 
preferred embodiment of this invention consists of a single resistive 
25 element positioned In or on a thermally-isolated microfracture • 
accompanied by a resistive, heater, positioned in or on the same 
mlcrostructure, or a closely adjacent microstructure placed above the 
same micro-machined cavity. This basic configuration allcws 
measurement of temperature coefficient^ oh an arbitrary oruncalibrated 
scale relative to zero, without requiring accurate know.ed 9 e of the actual 
temperature In 'the heated element. The heater heats the targeted 
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element, and observation of the trend in the electrical parameter of the 
targeted element allows an uncelibrated measurement, and determination 
of whether that electrical parameter is positive, zero, or negative. If only 
such en uneaiibrated measurement or a zero-crosslng determination is' 
5 required, then the heater may be on. the same or a separate" 
mfcrostrudture, and It does not need to be temperature-calibrated. • 

Measurement of Absolute Temperature Coefficient of a . Single 
Component if, on the other hand a measurement , of the absolute 
Temperature coefficient is required, then the heater must be calibrated 

10 such that it generates a known temperature at the functional component. 
Of course, the so-calibrated heater" must remain stable and accurate, 
otherwise there must be a stable and calibrated temperature sensing 
device in the vicinity of the functional component. If. for example, the 
functional component is subjected to high temperature during operation 

15 (or. for example during thermal . trimming), then this may make It 
necessary for the TCR-measurement heater to be placed on a separate 
mlcrostructure such that it Is not subjected to the highest temperatures 
(and thus remains more stable and calibrated). The Initial .calibration of 
the device used to sense the temperature may be done by several 

20 methods. Including using an oven. After such calibration, (If It is stable), ft 
may be used many times to measure the temperature coefficient of a 
targeted functional element 

Uniform Temperature in Heated Component: Since the goal In 
measurement of temperature coefficients) is to imitate the effect of 

25 changes in the ambient temperature, effective determination or 
measurement of temperature coefficients) requires that the heated 
element be as much as possible at the same temperature. Therefore, 
measures should be .taken to obtain a relatively, constant temperature 
distribution in the heated element. For this purpose, we use layouts such 

30 as are shown In Fig. 7. Thus, for accurate control of heating In the 
functional resistor, ft is important for the entire functional resistive element 
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being heated to be' maintained at the same' (and controllable) 
temperature. Thus the spatial T profile, T(x) In the heat-targeted region, 
should be constant. However, since' the beat-tar 9 eted element, even In 
steady state, Is Intended to be at a higher T than its surroundings, the 
5 boundaries of the heat-targeted region will tend to be at a temperature 
. lower than the T at the center., In order to compensate for this, figures 7a 
7b. and 7c show examples of layouts Intended to dissipate more power at 
the edges of the beat-targeted region'. More power can be dissipated at 
the edges of the heat-targeted region by Increasing the resistive pam 
0 around the perimeter, andtor Increasing the resistivity of the elements at 
the perimeter, it la preferable to have a major person of the functional 
resistor having a flat temperature 'distribution. Therefore, a power 
dissipation geometry for the heating element can comprise ' supply™ 
more heat around the edges of the functional resistor in order to 
15 counteract a faster heat dissipation In the edges end resulting 
temperature gradients across the thermally-Isolated micro-platform 

• n^r 2 e :°: CrOSS ' n9 D ^mlna«on <* Uncalled . Measurement of 
Relate Temperature Coefflolent of a Plurality of Components Sharing an 

20 T F ° r ^ *™»***™> a combination of two or 

voltage dividers, R-R dividers-, R-2R dividers. Wheatstone bridges sensor 
input condmoning circuits, resistor networks. For example, the e quh Z 
circuit of a simple voltage divider Is shown In F,g, a. These deXstay 
be made to be very stable, even if the resistors have non-zero TORs al 
long as their TQRs are well-matched. For example, if the difference of the 
TCRs of the resistors Is 0.001%/° K <10ppm/K), then a temperature 

2TT 1 10 1 K 7 9,v * 8 re6l8tance m " « * «* 

cases ,t can be Important to measure the relative temperature 

^Itnt' ,SaS - t0 ***** Wh6ther the ««■*• temperaturl 

coefficients 0 f two components is positive, negative, or zero. ln such a 

case when the goal ,s to match the re,at,ve temperature «,e ffic L„ te « Is 
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. often not Important .that the measurement of the deviation from zero be 
calibrated. One possible configuration of this case Is shown schematically 
In Figs. 9-10- In this embodiment, two resistors are placed on the same 
thermally-Isolated microstructure, and one or more heaters are 
5 additionally placed on the same thermally-Isolated microstructure,' In.order 
to heat them. 

.Electro-Thermal Tr|mm[n p cf TCR or RTr.R; 

Without limiting the generality of ' the foregoing, the TCR trimming 
1 0 phenomena may be conceptually described in Figs. 3 and 4, 

Beginning from an unbalanced bridge differential voltage in Fig. 2, 
resistor R x , is trimmed until the bridge Is balanced (until amplifier output 
. U ou , la close to zero. This represents the trimming of resistor R*, to its 
target resistance R» a ,g et (see below). 

Fig. 3 schematically depicts an example sequence of operations to' 
adjust TCR. Each time the resistance Is trimmed away from R^ 8t , and 
returned to R m *t, (seen In the excursions away from U out «■ 0 in Fig. 3a), 
the TCR Of R* changes (seen in the changes In the RTCR of the bridge 
in Fig. 3b). The direction and magnitude of the change In TCR relates in a 
non-trivial manner, to the direction and magnitude of the Initial change 
away from R^ (represented by the leftmost arrow up or down at each 
resistance deviation). Fig. 3b shows the corresponding TCR shifts after' 
resistance adjustment pulse sequences (deviation from R^t by higher 
amplitude 'W pulses and resistance-restoration back to R^ t by lower- 
amplitude pulses). Note that higher amplitude heating pulses result in 
more substantial resistance reduction. In general, . the procedure to 
change TCR while maintaining a given resistance value. Involves TCR- 
change cycles, or heating cycles, each causing deviation of resistance 
away from its given resistance value (R^), and then, causing restoration 
30 of the resistance back to Rt^. 

Fig. 4 summarize© very schematically an example of the effect of 
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heating puJse amplitude on an example of a mlcrostructure with e 
particular variation of polyslltcon, and an auxiliary resistive heater of 960 
Ohms,- and a given Ft*** *» O.G"^, Note that quantitative experimental 
data such as these can differ depending, on polyslllcon variation, or 
mlcrostructure layout, or R torgot deviation from For the purposes of. 
. resistance arid TCR trimming, the heating pulse voltage must be higher 
than" approximately Up U)68 . m j n m 2,4V (since lower voltages do not initiate 
resistance change), and must be lower than approximately U pub(MMax * 
5.4V (since extreme heating can cause damage to the heating resistor). 
10 (Note also that R m i„ and R ma * can vary from resistor to resistor, depending 
on a variety of conditions), if the pufse amplitude of the "first" heating 
. pulse (or pulses) In a TCR-change cycle; is. higher then Z.7V and lower 
than 5.4V. resistance can be. first reduced down from the target Value of 
«tassf * OA'Rm and then restored back. This action is designated by the • 
15 pair of arrows (down, then up) ; if the pulse voltage Is less than 
approximately 2.7V, only an Increase of resistance from its value of R te ^ t 
m Q.6*R, nn Is possible. On the right side of Fig. 4 are shown the 
corresponding behaviours of TCR, as a function of the voltage of the 
"first" pulse in a TCR-change cycle. (Thus this figure describes the 
behaviour of TCR m the context of a TCR-change cycle, where the 
vertical axis represents the amplitude of the. '.'first" pulse' In . the TCR- 
change cycle). The thresholds defined In the figures at 5.4V. 4.6V. 3.0V, 
2.7V, and 2.2-2.4V, are amplitudes of .pulses, which translate Into 
temperature thresholds, which affect the TOR of the resistance differently 
25 depending pn the region of the graph (see descriptions of the regions 
. below). The threshold defined by 4.6V is an approximate temperature 
.coefficient change reversal threshold because the direction of trimming of. 
the TCR changes when that threshold is crossed. Note that the 
. thresholds described above may be changed as a function of previously- 
30 applied pulses, and resistance and TCR trimming 'history | n general. 

The voltage range can be conditionally divided into several regions 



20 



WO 2004/097860 



PCT/CA2004/000397 



Z4 

» • i 
of TCR behavior: 

Region, 1. TCR-change cycles having "first" heating pulse (or 
pulses) with amplitude In- this range, fallowed by "resistance-restoration" 
pulses, give a decrease of TCR. The' higher the amplitude of the "first ' 
S pulse (or pulses) the more, significant will be the reduction of TCR. 

Region 2. TCR-change cycles having "first" heating pulse (or 
pulses) with amplitude In this range, applied AFTER a TCR-change cycle 
which began with a "first" pulse from Region 1, followed by "resistance- 
restoration" pulses, gives Increase, of TCR. Over most of this Region 2, 
10 the lower the amplitude of this "first" pulse (or pulses), the lower will be 
' the Increase of TCR (except near the boundary to Region 1 ), 

Reqion ., 3 , Very low Increase In TCR occurs' while the resistance 
can be either increased or decreased from the value of ff towf « 0.8**** 
(region 3a). or only Increased, by very low (Just-ebove-threshold) heating 
15 pulses (region 3b). The lower the amplitude of the "firs? pulse (or pulses) 
In this region, the lower Will be the Increase of TCR. 

Given that one has the ability to make a calibrated or uncalibrated 
measurement of (or infer, from other circuit information), the resistance 
and TCR of a given physical resistance element (passive resistance 
20 element), to enough precision for the manipulations described below, it is 
possible to trim the TCR of polyslllcon resistors, for a given resistance 
value (the given resistance being maintained at Its initial value, to a given 
precision). • 

ThS technI< ' ue of TCR adjustment involves the following steps: 
25 (a > ,,n Wal Whimlng operation from Initial resistance value (as- 

manufactured or other initial value), to target resistance value, R t8fBet . This 
RtersBt must be within a range limited by maximum and minimum effective 
trimming pulse amplitudes, which will in practice be between the trimming 
threshold below and dangerous voltages, above (see Fig. 4). This Initial 
30 adjustment of resistance Is done using pulsed-trimming- techniques as 
described above, to desired precision SR (e.g. within 6R * 20ppm of 
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Riwboi, or wfthln 8R » 200ppm of Rtefsat). 

(b) Recording of last resistance trim "down" pulse amplitude. 

(c) Measurement and recording of R aetua , with precision 
• sufficient to determine whether It Is within SR of R^t. 

S (d) Measurement and recording, of TCFWn to sufficient 

" precision 8TCR (e.g. within 6TCR « 1ppm/K); ' 

(e) Decision of desired direction of TCR-adjustment and 
specification of target TCR value (TCR tetaol ). This depends on 
characteristics of the poly known from the manufacturing process and 

10 Initial measurements. 

(f) Intentional adjustment of resistance away from R^ m , such 
that R^n,,, is increased or decreased: The amount trimmed away from R- 
target Is decided according to the principles described above. 

(g) Intentional trimming of resistance back. to R-target. in the 
15 opposite direction from, that which resulted from step (f) above, 

(h) Measurement of new TCR 86UM)I . Depending on direction and 
extent of trimming in step (f), the measured TCR ac(0fl[ will be increased or 
decreased. Also, the extent of TCR trimming will depend on the extent of 
resistance trimming in step (0. 

20 • (!) . iterate steps (e-h), in an adaptive manner until TCR 8etua , fe 

equal to target TCR-value within desired precision STCR. 

Note .that pulses Just above the threshold for resl'stence-trimmlng 
tend to change the TCR negligibly ((ess than STCR), and therefore, this 
case typically doesn't require a step (g) to restore resistance - one would 
usually only use this case to fine-tune resistance, after TCR was already 
within STCR of the desired TCR value. 

In the later steps of Iteration, use full precision 6R, (looser precision 
being preferred In initial steps because they take shorter time). In step (g) 
R Is measured, if, at this point, it ,s anticipated that there remain more 
cycles ,n the procedure, this R trimming- can be done to a somewhat 
looser precision 6R^«fl a , B . ,n order to save Bme . Resistance trimming • 
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with fu|} precision (taking more time) need only be done if one Is 
increasing the TOR and close to the target, say within 2«eR ImenneW , ate below 

Considerations on resistance trimming accuracy after eaoh TCR- 
trimmlng cycle!. It has been disclosed In prior art that change In trimmed 
resistance Is accompanied by change In TCR (see Fig. t). Tharefore 
Inaccurate resistance restoration after each TCR-trimmlrig cycle may give 
certain error in actual TCR measurement. In our case. TOR increases by 
approximately 400ppm/K when rebalance la decreased by 2S% - Hence 
"toppm in resistance trimming gives approximately tM-W^K shm In 
measured TCR. If the reared accuracy In trimming TCR Is « y , 
0 ippm/K an .naccurscy In dimming of eoppm Is acceptable at this 
stage. On the other hand, lass rlgoreus requirements on R-trimmlng 

*!**r»»- ~* • *<** could .hen he Ton: 
Mr. « he ftnal stege of R and TCR adjustment, after TCR has been 
adjusted to Its' target va.ua with required precision, fine tuning of 

. a~ R :r qu,red pwc ' s,on (ray ' ioppm> - - — - 

th er m JuH a '^ raanCa ' hS ^ «ls«hod of etectro- 

memta. trimming of TCR includes the following steps, diagrammed .n Pig. 

LTr °?r b ; B B by ,rtmra,nfl - to * -* 

value R^, (R^mdVJ. Initial "firar pulse amplitudes P M and 
P^are so, to pe sxperimentsliy detarmined values which deptnd on 
ma physical prepemas of the therma^mutable materia, and liyou" 
parameters. 0 n«usnc,ng ma therma, Isoiatton and resides ofTe 

res^LT eXamP ' S ' ^ " 1 ' 0S ' U — «*"^ » 0.B-U „ 
finished. „ TCR mus, be reduced, (TCR>TCR^ STCR> , go J^, " 
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If TCR must be Increased (TCR<TCR te , gat - 5TCR), go to step 6. 

2) Heating pulse P„, Bh is applied, resulting In decrease of the resistance 
R«*ua. (trimming "down"). Initially P Wsh Is set to P^ na , to be Incremented 
each time step 5 Is executed, •' • • 

3) Resistance Is trimmed back to Us target value R tergar . 

4) TCR is measured. If TCR differs from Its. target value TCR^* byless 
than oTCR the trimming process Is finished, If further TCR reduction is 
needed (TCR^TCR^+STCR), go to. step S, if TCR must be Increased 
(TCR^CR^-STCR^gotostep'e. ' ' 

.5) The "first" heating pulse P WBhr is Incremented, and the procedure loops 
back to step 2, to apply a pulse higher than the previous, steps 2 3 4 
and 5 are repeated in a loop, until TCR differs from its target value 
TCR telBot by less than STCR, or until the actual TCR goes below TCR tatge , 
6) To increase TCR a low -first" heating pulse is applied. The effect 
of this pulse may be to Increase or decrease resistance. At the beginning 
of any TCR-change cycles whose goal it is to increase TCR, the pulse 
amplitude may. begin at P taw0 , or may begin at a higher value of P )0Wl for 
example ff it Is known from experience with a certain batch of devices that 
an optima, rate of TCR change can be obtained at such a higher value 0 f 

• *T I " flrSt ' PM ' Se ma/ bB V * rie « order to Adulate the 

rate of TCR change In this phase. . 

7} Resistance Is trimmed back to Its target value 

L C S t^T s T' ,f TCR d,ffers from * ^ s T6R — ^ ■« 

than 5TCR, then the trimming process Is finished, if further TCR increase 
,s needed (TCR<TCRt arB9t -8TCR), go to step 9. if TCR must be reduced 

™w)e*r^ 8TCR) ' 90 to step 2 (where the ,ast knpwn Pw8h pu,se mi 

7f PU,S6 P ' 0W ' ,S tncr ^"^ higher than used in the 

30 ZT?7LT* ,ncreas?na cyc,es;and then ^ ne * p - * ««*-■ 

vaTeTCR IT rePealed ^ 9 ' 0OP ^ TCRdi "™ target 
value TCRtaroat by less than 6TCR, or until the actual tqr goes above 
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TCRtofg at . 

It should be noted that the spaed and efficiency of the procedure 
may depend on Judicious choice, of the Increments In P^ and P lay< at 
steps 5 and 9, respectively. In step 6, If P hltm <s incremented too little then 
it vv.ll lake a longer time (more loops of steps 2,3,4), before reaching step 
e- if Pw* Is incremented, too. much,then there Is a greater risk of jumping 
, too far past the TCR target, and a long sequence of recovery pulses will 
be required (more loops of steps 7,0,9). In step 8, ,f p )twv fs increfnented 
too l»ttle, then it will take a longer time (more loops of steps 7,8), before 
reaching the target. If P^ (e incremented too much, then there Is a 
greater nsk of overshooting the target, and going back to execute more 
loops of steps 2,3,4. The choices of the magnitudes of these increments 

^Ze ^ZT COniUnCK ° n W?th the thermae 

ad^tment is to reduce the TCR to zero in a small-enough range around 
zero, accurate knowledge of the temperature reached during TCR 
measurements would not he necessary. , n this case, many J*2 TOR 
measurement-heater-geometrtes and techniques would bJeffeXe 

The above-descrlbed techniques may be eppHed in applications 
where the relative TCR of two-or-more resistance Z^n^ZZ 

but one doss need to know that bom (or L,) 
same temperature. This may be effectively accomplishes by ^ 

TlTST* T P ° S,HOned ^ W S ~cLlna • 
re 51St ors. other symmetric heater layouts am also available ■ 

, T mPle (S WhSre ° n - 9 Wa0te the «TOR jor.a voltage divider to 
be as close to zero as possible, (or as close as possible to an apXriatt 

iTduT ST, 36 mi9ht be des,F * dto -SET 

induced variations ,p other circuit components). Another example 
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concerns the us© of therrno-restetora In sensors. For example, m a 
thermo-anemometer-based pressure or flow sensor, one desires the 
functional resistors to have quit© nigh Individual TCR (for maximum 
• sensitivity, of the sensor), simultaneously with excellent matching of the 
TCR's of the. same functional resistors.- In this case, there is usually 
already a central heater (part of the function of the thermo-anemometer) 
which can be used here for the additional purpose of measuring the TCR. 
by heating the sensing .resistors symmetrically. ■ . 

Figure 19 Is a graph showing the effect of "first" heat pulse on the 
TCR of a resistor (seen In RTCR of a bridge circuit shown In Fig 2 ) After 
balancing of the bridge to 2en>, with approximately +M0 Ppm of accuracy 
a central heater R 0 was used to heat resistors R„i and up to 
approximately 40°C above room temperature, in order to measure RTCR 
Before the beginning of TCR-change cycles; the RTCR was found to be 
163 arbitrary units, where 10 arbitrary .units corresponds to 3ppm/K within 
better than 50% of 3ppm/K. Since the Initial RTCR was positive, a TCR- 
change cycle Involving was appUed In TCR-change cycle #1. The 
resfstanpe deviation (seen in the upper part of Fig. i£ », due to tn6 ^ 

Tn\? J u CyC ' S ' ^ SUCh tnat the brfd ^ e became unbalanced to - 
ft 2T ' ?l° W ' n0 ^ PrOCe " Ur6 ' reS,Stance was the " restored such 

found to have changed substantially - from +183 to -52 arbitrary units. 
Since th,s was. below the target RTCR of zero, the next TCR-chanoe 
cycle (#2) used a "first' pulse P l0W , fn order to raise the TCR (RTCR) The 

thtZ, 0 "" 9 " 1 ^ &bOV * ^ ,n th ' 9 CSse ' based '« variance with 
«* particular set of .devices. The effect of that w pulse was an 

iTmv Aft r m ; brtd9 : by a sma " " ,nthe ~ * 

^waTri »? qUe reSt0natJ ° n ° f ^ ^ ^ ance ' *i effect on 
of the. TCR-change cycle* #3. #4, and *5 Were appUed in a similar 
manner, with varying pulse widths (adaptivei y varied as a fun Jon o 



WO 2004/097860 



PCT/CA2004/000397 



30 



"distance' to the 'target) and "first" pulse values, each time raising the 
TCR, until RTCR substantially better than 1ppm/K was obtained after 
finally rebalancing the bridge at the end of TCR-change cycle #5. Mote 
that the behaviour of resistance (upper Riot) Is not intuitive with respect to 
5 . the behaviour shown In the? other curves. 
• The manipulations represented In Fig. 18 would take less than 

approximately 20 seconds In en automated mode*. Note that the TCR- 
change cycle #1 took the most time, approximately 6 seconds, due to the 
long resistance Use ("recovery) needed to rebalance the bridge after the 

10 high-amplitude "first" pulse which decreased the resistance. The other 
cycles each took 1-3 seconds. Execution of the RTCR measurements 
took approximately 60ms (requiring primarily the time to heat the 
functional reslstore, an d make the measurement at the elevated 
temperature, since the room-temperature resistance was already known 

15 The following data accompany the graphs in Fig. 1 9; 

• 1st Cycle: 

o "first" pulse: 4.6V, 50ms. 

o .RTCR (after bridge rebalancing) * -52 arb units. 

• 2nd Cycle: ~ ' 

20 .« "firef pulse i 3.0V, 100ms. 

o RTCR (after bridge rebalancing) » -45 arb units. 

• 3rd Cycle: ' : ' 

o "first" pulse: 3.2V, 150ms. 
o RTCR (after bridge rebalancing) « -32 arb units 
225 • 4th Cycle; 

o "first" pulse : 3.3V, 250ms. 

o RTCR (after bridge rebalancing) * -12 arb units. 

• 5th Cycle: 

o "first" pulse :3.2V, '106ms. 
o RTCR (after bridge rebalancing) * 1 arb unit. ' 
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The circuitry of the present invention includes © daclslon-making 
module. For the sake of simplicity of the present description. Figure 6 
Illustrates three separate -decision-making modules. It can be appreciated 
that these three modules In Ffg. 6 are subsets of a general dedeion- 

• making module that can.perform the functions of all three of the modules 
described below. 

Accordingly, the circuitry ' • and declsion-makina .modules 
schemata described In Fl 9 . 6, am tor trimming of the ^eletor bridge 
struofcre can trim resistance and TCR of either of two resletora R,, or R* 
The Functional Pulse' Generator (function generator) has three output 
channel* Two of them supply heating pulses to the reeistlve beaters R„, 

Xi TT * ' r ' mmln8 *" reslston! R « -»* Ho. The 

2,7* 8l ' B0 ' ,eS he ^ n9 pul » s U «"*»*e to the additional resistive . 

tun. tK- T* °' * " CireJ '" y 18 to ba ' anDe * he ra8,s,or **«• i" «»*«■ to 
tune he output «, te9 e of We em p, Ifl e r A to Mro . lt „ also . 

the difference tn ten «, T CR, of ^ ^ 
tart changes In operating temperature do not unbalance the bridge (do 
not cause changes of output voltage of the emp.«er A,. To ImltaTl* 

^ =ymmetrioal|v between the two functional resistors The 

• output voitag. of me amplWer Is measured'before and during beaTrTof 
the resistive heater R.. Depending on the direction and value of !h«! t 
output voltage, the trtmmmg of eKher resistor R „ or £. ^"d 

The Is measured by the AOC and stored in memory. 

. * eW ?' M ™ , *>» ™dule calculates the voltage pulse 

. 9 ** Md98 - " alM <,eo " las output channel Z 

combination of cbannels, oftbs Functional Pulse Ger.mJXl 
activated for the next heating Pulse To h*„. ^ , ^"^tor should be 
andei h„ .K k . _ ™ lne P ulse - T ° heat two functional resistors R,, 
and R„ by the heater Re, the declslon-maKing modu,e sends command* 
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the channel selector to choose the appropriate channel and .commands 
the functional pulse generator to produce heating pulse with a certain 
amplitude. The voltage pulse amplitude calculated by'the first decision- 
making moduj© may depend on the choice of the channel used for the 
previous heating pulse, and Is a function of trie actual, (last measured) 
output voltage target voltage Uh^x (U« a(OB r=0), voltage measured 

after previous trimming pulse \J w „ ma (stored in the memory), and voltage 
pulse amplitudes of previous pulses U putee , M9to /, U puIse aW,,, (j^, 

Up/BVlous. Uputee-titetoiy). ' • . 

10. The second decision-making module calculates pulse width as a 

function of W and W*h^: WftW U^ Bt , 

The third decision-making module calculates the interval between 
pulses ^ae a function of IW U w , Upr ^ B : W *(U octtlaI , U^, 

Pulse parameters u pulS49 , Uie and and commands to activate 
■one or more of the three output channels ere sent to the Functional Pulse 
■ • Generator. Parameters U P u, 8B and t puI , e are stored In memory to be used In 
the next pulse parameter calculations. 

The Functional Pulse Generator also sends synchronizing pulses 
to. the ADC to begin digitizing the analog voltage at the end of the time 
interval between trimming pulses (before next trimming pulse is applied) 

While several examples In the above text show a methodical 
solution to trimming the TCR or RTCR, some .ess methodical procedures 
suil succeed In adjusting the TCR or RTCR. albeit with less precision or 
less efficiency. For example, a procedure based on resistance excursions 
and restoration, without being particularly mindful of the -first' pulse 
amplitudes, also succeeds In trimming TCR fn a longer time. Even a more • 
random adaptive procedure would In many eases succeed in obtaining a 
30 moderately high precision adjustment of TCR. 9 
U will be understood that numerous modifications thereto will 
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appear to those skilled In the art. 'Accordingly, the above description and 
accompanying drawings should be taken as Illustrative of the Invention 
and not In a limiting sense. It will further be understood that It is intended 
to cover any variations, uses* or adaptations of the Invention fallowing, In 
general, the principles of the Invention end Including such departures 
from the present disclosure as come' within known or customary practice 
within the art to which.the invention pertains and as may be applied to the 
essentia! features herein before set forth, and as follows in the scope of 
the appended claims. 
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